Electroluminescent devices were fabricated in SiO 2 films containing Ge nanocrystals formed by ion implantation and precipitation during annealing at 900°C, and the visible room-temperature electroluminescence and photoluminescence spectra were found to be broadly similar. The electroluminescent devices have an onset for emission in reverse bias of approximately Ϫ10 V, suggesting that the mechanism for carrier excitation may be an avalanche breakdown caused by injection of hot carriers into the oxide. The electroluminescent emission was stable for periods exceeding 6 h.
to nanocrystals imbedded in an oxide matrix prepared by cosputtering 10, 11 or ion implantation. 12, 13 The latter approach is quite promising, owing both to the mechanical and chemical robustness of the matrix, as one may expect the nanocrystal-matrix interface to be well passivated from the external ambient, and thus ultimately enabling better control of nonradiative recombination processes which limit luminescence. In addition, the prospects for integration of these materials into existing silicon-based solid state devices and circuits is excellent.
In this letter, we report the use of ion implantation and precipitation to fabricate a Ge nanocrystal-based lightemitting device. Our method for synthesis of Ge nanocrystals in SiO 2 consists of ion implantation and precipitation during thermal annealing, a method compatible with existing silicon integrated circuit process technology. 12 In the course of our investigation, it was found that a considerable control over Ge nanocrystal size distribution is possible in the 1-8 nm size range through variation of the Ge implantation dose and annealing conditions. Recently, we have systematically studied the relation of nanocrystal size to luminescence spectral features, but the results suggested that the optical properties of Ge nanocrystals cannot at present be explained adequately by a simple model for quantum confinement of carriers in nanocrystals. 14 Samples consisted of 45 nm thick polycrystalline Si films deposited initially as amorphous films by ultrahigh vacuum electron beam evaporation onto 70 nm thick SiO 2 films thermally grown on n ϩ Si substrates. These structures were implanted with Ge at doses of 4ϫ10 16 /cm 2 at 140 keV, and 1ϫ10 16 /cm 2 at both 130 and 150 keV. These energies and doses were chosen to create a supersaturated solid solution of Ge in the SiO 2 film with approximately uniform Ge concentration of 5 at. % throughout this layer. The samples were subsequently annealed at 600°C in high vacuum ͑1ϫ10 Ϫ6 Torr͒ for 40 min to induce precipitation, then the top layer was doped with B in a furnace at 900°C for 15 min to generate a p ϩ polycrystalline Si film at the top of the structure. Other experiments 14 suggest that Ge nanocrystal growth continued during this 900°C anneal. Finally, photolithography was used to define isolated mesas for separate devices, and to define Al contacts using liftoff. Figure 1͑a͒ is a bright-field cross-sectional transmission electron micrograph of the completed device prior to metal contact deposition. Visible at the top is the polycrystalline silicon layer with grain size approximately equal to the film thickness. The top surface of the polycrystalline silicon is very smooth, which is characteristic of films deposited in the amorphous phase and crystallized during a postdeposition anneal. Interface roughness of ϳ5 nm is observed at the polycrystalline Si/oxide interface, and the thickness of the oxide appears to vary by approximately 5 nm across the field of view of the cross-sectional specimen. Rutherford backscattering spectrometry measurements suggest that the oxide is of a stoichiometry SiO x , where 1.5рxр1.8. The speckles observable in bright-field contrast correspond to Ge nanocrystals roughly 5 nm in diameter, which are visible in the accompanying dark-field image of the same region shown in Fig. 1͑b͒ . The volume density of nanocrystals was approximately 1ϫ10 18 /cm 3 . Also visible is a rough, dark layer at the lower oxide/Si substrate interface, which is probably Ge x Si 1Ϫx alloy region which resulted from the extension of the implanted Ge profile at 150 keV into the Si substrate. Also visible is a band of extended defects approximately 100 nm below the oxide/Si interface, which may be due to cona͒ Electronic mail: haa@daedalus.caltech.edu densation of Si point defects generated from the stopping of ions from the tail of the 150 keV Ge implant profile in the Si substrate.
The individual devices were of various sizes, between 1 and 0.05 mm 2 . The devices were electrically characterized with a semiconductor parameter analyzer operating in current-voltage test mode. Electroluminescence was measured with a single grating spectrometer equipped with a charge-coupled device-based optical multichannel analyzer detector. Photoluminescence spectra were measured with the same spectrometer and were pumped with 40 mW of 457 nm radiation from a continuous wave argon ion laser. The system response of the optical spectrometer was carefully calibrated using a blackbody source, and all photoluminescence and electroluminescence raw spectra were divided by the system response curve.
The current-voltage characteristic of a typical device ͑0.8 mm 2 ͒ is shown in Fig. 2 . Rectifying behavior is seen in forward bias, and a relatively broad breakdown feature is seen in reverse bias between Ϫ5 and Ϫ10 V. In both forward and reverse bias, a relatively large series resistance is observed. Electroluminescence is characterized by an onset at reverse bias less than approximately Ϫ10 V, which corresponds to an electric field in the oxide of greater than 10 6 V/cm. The dielectric breakdown strength of high-quality, stoichiometric SiO 2 is approximately 10 7 v/cm, but the observed breakdown electric field of 10 6 V/cm is reasonable, in view of the modified stoichiometry and structure and of the oxide layer. Device structures fabricated without the Ge ion implantation step did not exhibit reverse bias breakdown at voltages less than 50 V, which was the maximum voltage range for the parameter analyzer. The strongly luminescent area usually covered approximately 10% of the device surface. The spatial nonuniformity in emission may be related to nonuniformity in the oxide layer thickness, which would lead to the development of electric fields exceeding the breakdown field in the thinnest oxide regions first. Some of the devices did not exhibit luminescence and their currentvoltage traces appeared to be characterized as a diode in series with a large resistance ͑у1000 ⍀͒.
The spectra of the devices that did exhibit electroluminescence looked quite similar and were characterized by an emission spectrum with onset at a wavelength of ϳ500 nm. Figure 3 is a comparison of photoluminescence spectra. The sharp feature at approximately 510 nm is an artifact generated by division by the system response function, and was related to the abrupt change in transmission of a filter used to suppress the pump beam. We note that there are no artifacts in the spectra at wavelengths above 520 nm, where the filter transmission is constant and near unity. Differences between the electroluminescence and photoluminescence spectra could have many causes. Possible factors include pump absorption during photoluminescence in the nanocrystalcontaining oxide or in the p ϩ polycrystalline silicon, and differences in the mechanisms for population of localized states between electrical and optical pumping. The efficiency of electroluminescence ͑i.e., ratio of optical power out to electrical power in͒ was difficult to estimate accurately using our current characterization tools, but is probably on the order of 10 Ϫ4 -10
Ϫ5
. Many important details regarding the mechanism responsible for electroluminescence cannot be deduced from the currently available optical and electrical information, and will require more complete investigation. However, we note that previously investigations of electroluminescence in Sicontaining SiO 2 materials that were believed to be broadly similar in morphology to the present structures yielded broadly similar results. 15 Those authors proposed a mechanism based on radiative electronic transitions between discrete energy levels associated with Si islands and/or their interface with the host matrix material. It is possible that carrier injection into these discrete energy states occurs via either relaxation from extended states in the conduction band of SiO 2 or by tunneling from other localized states associated with defects and nanocrystals in the SiO 2 layer. We speculate that the mechanism for excitation of electroluminescence is related to impact ionization by ''hot'' carriers in the oxide layer, because electroluminescence was observed when the device was in the reverse bias breakdown regime, and no electroluminescence was observed in the forward active region. We note that hot carrier-related electroluminescence is known to occur in reverse bias breakdown in single-crystal silicon, 16 but at much lower efficiencies than reported here. It is also important to note that emission via blackbody radiation is most likely insignificant for these structures, since visible emission would require local sample temperatures comparable to those employed in the anneals used to precipitate and grow nanocrystals ͑у900°C͒, which would result in significant microstructural and optical changes in the devices during operation. However, no degradation of the electroluminescence intensity was observed after more than 6 h of continuous operation. Moreover, the electrical and optical pump power densities were similar ͑0.5-5 W/cm 2 ͒, and were unlikely to result in enough heating to produce visible blackbody emission from the devices, which were in intimate thermal contact with a 4 cm 2 area, 0.25 mm thick Si substrate.
In summary, a Ge nanocrystal-based light emitting device operating at room temperature has been fabricated using only tools available in a conventional silicon integrated circuit process. Photoluminescence and electroluminescence spectra appeared quite similar. The mechanism for electroluminescence excitation appears to be related to carriers injected in reverse bias breakdown. We anticipate that a better optimized fabrication process may enable injection type luminescence, increased electroluminescence efficiencies, as well as some element of control of the emission wavelength. This work was supported by the U.S. Department of Energy under Grant DE-FG03-89ER45395. One of us ͑K.V.S.͒ acknowledges support from a J.S. Fluor Foundation Fellowship.
